Abstract-Drying is an important process in paper manufacturing, where steam heated cylinders are used to dry paper. Control of the moisture content is accomplished by adjusting the steam pressure in the cylinders. In previous work it has been shown that the dynamics from steam flow to steam pressure in the cylinder can be described by a linear second order black box model. This paper presents a first principles model which has a structure similar to the black box model.
I. INTRODUCTION
oisture content is an important quality variable in paper manufacturing. There is a considerable economic incentive in keeping moisture well regulated [1] . A modern paper machine makes around 1000 tons of paper per day. With a paper price of $900 per ton, a reduction of moisture variations by 0.1% corresponds to a saving of more than $300.000 per year.
A good model of the dynamics of drying is essential for good moisture control. A key element is the dynamics that relates steam flow to pressure in the drying cylinders. A black box model is presented in [2] . This model structure has also been discussed in [3] . The model has an integrator, a pole, and a zero, and is called the IPZ-model. A blackbox model is adequate for controller tuning purposes but it does not tell anything about the physics behind the dynamic behavior and it cannot be used for gain scheduling. In this paper we will present a first principles model, based on mass and energy balances. The primary model is a nonlinear differential-algebraic equation whose linearized version has the same structure as the IPZ-model. It is convenient to choose steam pressure and cylinder shell temperature as state variables, since both variables can be measured.
A main purpose of this grey-box model is to gain insight into how the physical properties influence the parameters of the IPZ model. A similar approach for a drum boiler can be found in [4] . The core of this work is presented in [5] .
II. THE MODEL
Let q s be the mass flow rate of steam into the cylinder, q c be the condensation rate, and q w be the siphon flow rate. Also, let V s and V w be the volume of steam and water in the cylinder, and let s and w be the densities of steam and water. The mass balances for water and steam are then where no blow-through steam is assumed. Sometimes the blow-through steam is modeled as a fraction of q s [6] . It then does not affect the dynamics of the system, only the steady state gain. 
where Q m is the power supplied from the water to the metal, Q p is the power supplied from the metal to the paper, h s is the steam enthalpy, h w is the water enthalpy, m the mass of the cylinder shell, C p the specific heat capacity of the shell, T the mean temperature of the metal, u s and u w are the specific internal energies of steam and water. The power flow to the metal is given by The outer surface area of the cylinder is assumed to be equal to its inside area. The error is negligible (less than 5%), because the thickness of the cylinder shell is much smaller than the outer cylinder diameter. For simplicity, all steam within the cylinder cavity is assumed to be homogeneous with the same pressure and temperature. From (3) we make the assumption of a temperature gradient in the condensate layer and cylinder shell, as illustrated in Figure 1 . The properties of the paper web are not included in the model and the equations do not say anything about the temperature in the paper. The energy flow to the paper, Q p , varies slowly compared to the steamand cylinder dynamics. For simplicity we assume that Q p is a constant. The consequences of this assumption will be discussed in Section V.
Equation (1), (2) , and (3) is a crude nonlinear model for the steam and condensate system in the cylinder cavity. To obtain a linear second-order model, we make a few simplifications. We assume that the steam in the cylinder is saturated. This means that the state of the steam can be characterized by one variable only and that it is sufficient to use either the mass balance or energy balance. Therefore we leave out the energy balance. In addition, the thermal dynamics of the water is very fast, so we replace it by a static model. Observing that the volumes are constrained by V s +V w =V, where V is the total cylinder volume, the second mass balance in (1) can be eliminated. Since the water volume is small we also have V V s . Summarizing, we find that the system can be described by the equations 
where the states are pressure p and mean metal temperature T. The steam inlet flow, q s , is the input. The equilibrium is
Linearizing around the equilibrium gives A piece of the cross-section of a drying cylinder, visualizing the assumption on the temperature profile and the energy flow to the metal, from (3). The paper web is not included in the model and consequently there is no assumption on the paper temperature. The picture has taken inspiration from [9] .
where the states are expressed in terms of deviations. The inequality in (10) will be commented and examined later in the simulations. Writing the system in standard state-space form, we find that 
where b does not depend on . For small s the transfer function can be approximated by does not depend on . Therefore neither the initial part of a step response nor the slope of the asymptote depend on the heat transfer coefficient.
As can be noticed, the grey-box model does not explain the time delay often seen in the black-box model. It is important to remember that we are dealing with sampled measurements and it has, in practice, been observed that the time delay of the system often is close to the sampling time. Moreover, we have seen from the derivation of the greybox model that there are neglected dynamics in the IPZstructure, which may possibly give rise to an estimation of the dead-time that is larger than the true value. Figure 2 shows the Bode plot of the system, where the gain is normalized by 400 kPa.
The gain is independent of , both at high and low frequencies, as shown in (16) and (17). The heat transfer coefficient has a considerable influence on both the gain and phase in the mid-frequency range. For the purpose of designing a PI-controller, this difference in gain and phase influences the controller parameters. It can also be seen that, a higher heat transfer coefficient yields a lower steam pressure gain, since there is a larger heat transfer through the cylinder and a higher condensation rate. This has also been pointed out in [2] .
In (10) an inequality, that depends on the operating point and cylinder dimensions, was utilized to make a significant simplification. Using values from this example, we can examine its justification. Apart from the steam properties, we also need an expression for the derivative of siphon flow rate, q w , with respect to the cylinder pressure. Some experimental values are given in [7] and using those we find that the right hand side of (10) where d is a valve constant which will be a second calibration parameter together with the heat transfer coefficient, . Using this valve description we keep the linearity and IPZ-structure in the model, given in (12). In order to calibrate the model, the functions idgrey.m and pem.m in System Identification Toolbox for Matlab, were used to find the optimal calibration parameters. The optimization method is based on minimizing the prediction error, see [8] . 
is given, where cy is the distance into the cylinder where the temperature is equal to the mean cylinder temperature, and cy is the thermal conductivity of the cylinder shell. In this example, the cylinder thickness is 25 mm (the mean temperature, T, occurs in the middle of the cylinder shell), and the thermal conductivity is 50 W/(m K). The heat transfer coefficient through the condensate is then
In [9] , typical values of the heat transfer coefficient, c , are given. They depend strongly on the condensate thickness and activity, and can vary between 500 and 4000 W/(m 2 K), where 2000 is a nominal value. Nevertheless, the fact that our estimated value from the model is within that range, gives support for the legitimacy of the model.
The total mass flow rate of steam, during the experiment, to the drying section is 85 ton/h. The machine has 93 cylinders, so the average steam flow per cylinder is 0.254 kg/s. The parameter d, in (20), and the average valve opening gives the steam flow to the particular cylinder in the model, namely 0.154 kg/s. The steam flow is likely to vary a great deal between different drying groups but by comparing the two values we know that also the second calibration parameter is realistic.
In (22) the grey-box model is compared with the corresponding black-box model, adjusted on the same data set. The velocity gain in the models is normalized with the measuring range of the pressure gauge. The black-box model is not shown in the figures but it gives a slightly better fit to the data, since it has more degrees of freedom (three parameters to adjust instead of two). There is also a difference in the parameters of the transfer functions. The time delay comes from the identification procedure and is equal to the sampling time. 
The grey-box model has also been validated graphically by using the measured control signal values to simulate an output. The model output is then compared with the measured steam pressure. Figure 4 shows such an evaluation. The excitation in the control signal is generated by a series of steps in the set point (closed loop), which is not shown in the figure to keep it clear.
V. A MODIFIED MODEL
It has previously been observed that in some occasional cases the IPZ-structure is not sufficient to describe the pressure dynamics in a steam cylinder. This can be resolved by changing the integrator to a real pole [5] . In the greybox model this can be accomplished by changing the assumption that the energy flow Q p is constant to
where p is the heat transfer coefficient from the center of the cylinder to the paper-cylinder interface, is the fraction of dryer surface covered by the paper web, and T p is the paper temperature. By letting T p be constant, and the other matrices are unchanged. By examining data sets where the IPZ-structure is sufficient with cases where is is not, an explanation to the modeling problem is found. If >> p then model (13) is adequate and p means that (24) is a better structure. This has also been verified by simulation of the primary DAE system (1) (3) in Modelica. An brief overview of Modelica is found in [10] . Closer examination of (24) shows that >> p gives a system with one fast pole and one close to the origin. When p is increased, the slow pole moves along the real negative axis towards the other pole, and it can then no longer be regarded as an integrator.
It can be shown, knowing that all factors in the elements of (24) are positive, that the eigenvalues of A' are real and negative. The characteristic equation of (24) 
VI. CONCLUSIONS This paper has presented a grey-box model for the pressure dynamics in a rotating drying cylinder. The model was derived from first principles. It has been evaluated with real plant data and compared with a corresponding black-box model. The main purpose of the grey-box model is to gain insight into the physical laws behind the blackbox model. This can have effect on the mechanical design of the dryer section, such as the siphon shape and form, dryer bars, cylinder dimensions etc. It is also useful for the controller design.
There is also a potential to make a recursive identification of the heat transfer coefficient for fault detection with respect to condensate evacuation. It would then be beneficial to have a separate pressure meter and mass flow meter installed at the drying cylinder of interest, to acquire an accurate estimate. An important thing to remember here is that the model is an approximation of the real process. Model errors will therefore be included in the calibration parameter and its absolute value might be uncertain. The relative value is a useful parameter though.
